INTRODUCTION
Fusarium head blight (FHB) is economically one of the most devastating fungal diseases of wheat worldwide. The International Maize and Wheat Improvement Center has recognized FHB as a major factor limiting cereal production globally (Stack, 2000) . In the last decade, FHB has caused destructive epidemics to wheat in Uruguay, causing yield losses of up to 60% and substantial decreases in prices due to reduced seed quality and mycotoxin contamination (Pan et al., 2009) .
Members of the Fusarium graminearum species complex (FGSC) are the major causal agents of FHB of wheat worldwide, and consist of sixteen phylogenetically distinct species (Desjardins and Proctor, 2011) . The most geographically widespread species of the FGSC is F. graminearum sensu stricto (F. graminearum s.s.), which predominantly affects wheat in North America, South America and Europe (Tóth et al., 2005; Ward et al., 2008; Astolfi et al., 2012; Somma et al., 2014; Aamot et al., 2015) . A previous report showed that F. graminearum s.s. has been the dominant species affecting wheat in Uruguay, although Fusarium asiaticum was also found and was found to be associated with rice production (Umpiérrez-Failache et al., 2013) . In addition to yield losses, a great concern is the ability of F. graminearum s.s. to contaminate grains with type B trichothecenes such as deoxynivalenol (DON), 3-acetyldeoxynivalenol (3-ADON), , and nivalenol (NIV) along with its acetylated derivatives. These trichothecenes are sesquiterpenoids that are potent inhibitors of eukaryotic protein biosynthesis. Adverse effects of these toxins in human and animals include vomiting, feed refusal, diarrhea, emesis, and immunosuppression (Marasas et al., 1984) . Additionally, the different trichothecene mycotoxins have different toxicological properties. For example, NIV is more toxic than DON to humans and domestic animals, and hence a stricter limit for the temporary tolerable daily intake of NIV than that of DON (0.7 µg/kg body weight for NIV; 1 µg/kg for DON) has been issued by the European Scientific Committee for Food (van der Lee et al., 2015) . In Uruguay, only DON levels have been regulated in wheat grains and their by-products for human consumption (MSP, 2001) .
Strains of the FGSC usually synthesize one of the following three strain-specific profiles of trichothecene metabolites: DON and 3-ADON (3-ADON chemotype), DON and 15-ADON (15-ADON chemotype), or NIV and its acetylated derivatives (NIV chemotype) (Ward et al., 2002) . PCR-based assays have been developed for the rapid assessment of trichothecene genotypes of F. graminearum. Such assays rely on the amplification of gene regions that code for key enzymes involved in trichothecene biosynthesis (Ward et al., 2002; Quarta et al., 2006) . Primers based on the sequences of genes Tri3, Tri5, and Tri7 have been designed to differentiate between the three toxin genotypes (3-ADON, 15-ADON, and NIV, respectively) (Quarta et al., 2006) , and primers for Tri7 and Tri13 have been used to distinguish between DON and NIV producers, respectively (Chandler et al., 2003) . While trichothecene genotypes refer to PCR-based analyses of the Tri genes, chemotypes refer to chemical-based analyses (Desjardins, 2008) . However, due to discrepancies between genotypes and chemical data reported previously, both types of analysis are necessary to define the profile of trichothecenes that F. graminearum isolates synthesize (Mugrabi de Kuppler et al., 2011; Castañares et al., 2014; Somma et al., 2014) . Furthermore, chemical profile surveys of F. graminearum s.s. isolated from wheat have not been previously carried out in Uruguay.
An important aspect in managing this pathogen is knowledge regarding the genetic structure of F. graminearum populations. Understanding the genetic structure of this fungal pathogen population may provide insights into the epidemiology and evolutionary potential of F. graminearum and could lead to improved strategies to control it (Zeller et al., 2003) . Moreover, an aincreased understanding of the genetic structure of plant pathogen populations is a prerequisite for developing innovative and rational approaches for plant disease management. In particular, the nature of the genetic diversity and gene flow patterns of plant pathogens and their association with phenotypic characters such as aggressiveness and mycotoxin production are useful for the development of durable resistance and management of fungicide resistance (Miedaner et al., 2008) .
Studies on the genetic structure of F. graminearum populations have been done in different geographic regions including China (Qu et al., 2008) , Nepal (Desjardins and Proctor, 2011) , Europe (Tóth et al., 2005; Miedaner et al., 2008) , North America (Guo et al., 2008; Ward et al., 2008) , and South America (Ramírez et al., 2007; Astolfi et al., 2012) . These studies have shown that there are high levels of genotypic diversity within F. graminearum populations, which suggests that recombination occurs regularly in these populations.
Based on these findings, we hypothesized that individual fungi within F. graminearum populations in Uruguay are genetically diverse and are part of a larger interconnected population that covers the entire major wheat-growing region. Additionally, we hypothesized that the trichothecene profile is similar to those found in other parts of the world, and that no potential shifts exist in the populations with respect to previous studies from Uruguay. Hence, the aims of this study were to define the genetic structure and to characterize the trichothecene production profiles of F. graminearum s.s. populations present in the major wheat-growing region of Uruguay.
MATERIAL AND METHODS

Sampling
The 93 fields sampled were within an area of 30,000 km 2 , and were located in the departments of Soriano, Río Negro, Colonia, and Flores ( Figure 1 ). All fields were planted with the variety Baguette 9, which is highly susceptible to FHB. In each field, fifty wheat spikes were collected from 5 x 5 m 2 plot areas during the 2010 harvest season. Each spike was shelled by hand and the grains were pooled and stored at -20°C in paper bags in the laboratory.
Fusarium isolation
Grains from each field were surface-disinfected by soaking in 1% aqueous NaOCl for 1 min, and then rinsed three times with sterile water. One hundred grains were plated (10 grains per Petri dish) on potato dextrose agar (PDA) containing 0.2 g/L pentachloronitrobenzene. These plates were incubated at 24°C for 7 days under 12-h light/dark cycles. Single conidia of each Fusarium isolate were subcultured and then transferred to carnation leaf agar and PDA and incubated at 24°C for 7 days under 12-h light/dark cycles as previously described (Leslie and Summerell, 2006) . 
DNA isolation
Fungal DNA was extracted from aerial mycelium with a cetyltrimethylammonium bromide method following published procedures (Lee and Taylor, 1990) .
Amplified fragment length polymorphism (AFLP) reactions
AFLP reactions were performed as described by Vos et al. (1995) , and as modified by Leslie and Summerell (2006) in a PTC-2000 Thermal Cycler (MJ Research Inc., Watertown, MA, USA). All buffers and DNA-modifying enzymes were used following either manufacturer instructions or standard protocols (Green and Sambrook, 2012) . Genomic DNA was digested to completion with EcoRI and MseI and ligated to AFLP adapters in a single overnight reaction at room temperature (21°-24°C), and then diluted in nine volumes of Tris-EDTA buffer prior to preamplification. The following three primer-pair combinations with two selective nucleotides on each primer were used: EcoRI + AA and MseI + AT, EcoRI + CC and MseI + CG, and EcoRI + TG and MseI + TT. The EcoRI primer was labeled with [γ-33 P] ATP for detection of bands by autoradiography. Polymorphic AFLP bands ranging from approximately 200 to 600 bp in length were scored manually. Each band was treated as a distinct locus, with two alleles. All bands in this size range were scored, including those that were monomorphic. Bands migrating to the same position were assumed to be homologous and to represent the same allele and locus. Bands differing in mobility were treated as independent loci with two alleles. AFLP data were recorded in a binary format (allele present = 1 or absent = 0). Unresolved bands and missing data were treated as ambiguous data. Multiple runs of DNA from the same isolate were at least 98% similar, so a cut-off value of 98% similarity was used to identify clones. We included the following reference isolates identified as belonging to the FGSC: 
Population genetic analyses
We identified indistinguishable F. graminearum isolates, i.e., clones, as those isolates with AFLP haplotypes that shared ≥98% similarity as described above. The population was then clone-censored, i.e., only one strain of each clone was retained for analyses of genetic diversity and linkage disequilibrium. We estimated the allele frequencies of polymorphic loci and gene diversity (h) within and between populations as described by Nei (1973) ; G ST (fixation index) as described by Nei (1973) ; N m (effective migration rate) as described by McDermontt and McDonald (1993) ; genetic identity among populations as described by Nei (1978) ; and two-locus linkage disequilibrium as described by Weir (1979) with the freeware program POPGENE version 1.32. All data analyzed with this program were treated as haploid with dominant markers. These analyses were done for a subset of data that included only those loci for which both alleles (presence or absence) were present at ≥5% frequency in at least one of the four populations. We also assessed two-locus linkage disequilibriums between all pairs of AFLP loci in each of the populations. The null hypothesis of linkage equilibrium was rejected in favor of the alternative hypothesis (linkage disequilibrium) at P < 0.01 and P < 0.05 for χ 2 tests. The multilocus linkage disequilibrium (LD) for each of the four populations was calculated with MultiLocus version 1.3. We also estimated genotype diversity (Ĝ) for each population as described by Milgroom (1996) , and the index of each population was normalized by dividing each estimated Ĝ by the number of genotypes identified from that population. Arlequin version 2.0 was used for analysis of molecular variance (AMOVA) to estimate variance among and within populations.
Species detection using PCR specific assays
DNA from all isolates was amplified by PCR with the Fg16F/R primers, which produce polymorphic products (400-500 bp) with DNA from members of the FGSC as previously described (Nicholson et al., 1998) .
Trichothecene genotype determination
Multiplex PCR assays were performed for the determination of trichothecene genotypes. PCR amplification reactions contained 25 ng fungal DNA in a total volume of 50 µL 1X reaction buffer containing 1.5 mM MgCl 2 ; 5 U Taq DNA polymerase (Promega); 200 mM dNTPs; 0.2 mM each of the Tri3 primers Tri3F971, Tri3F1325, and Tri3R1679; and 0.1 mM each of primers Tri7F340, Tri7R965, 3551H, and 4056H (Quarta et al., 2006) . A negative control, containing all reagents and primers but no fungal DNA was included with every set of reactions. PCR was conducted in a PTC-2000 Thermal Cycler (MJ Research Inc.). The PCR conditions were as follows: 94°C for 3 min; then 35 cycles of 94°C for 30 s, 53°C for 30 s, and 72°C for 1 min; followed by a final extension step of 72°C for 10 min. PCR products were separated by electrophoresis with 2% agarose gels containing 1 mg/mL ethidium bromide, and photographed under UV light. DNA from strains with known NIV, 3-ADON, and 15-ADON genotypes were used as positive controls.
Trichothecene chemotype determination
Toxin analysis was performed as described by Reynoso et al. (2011) . Briefly, F. graminearum strains were cultured in Erlenmeyer flasks (250 mL) containing 25 g sterilized rice and 10 mL sterile distilled water. These inoculated flasks were incubated for 28 days at 25°C in the dark. Each sample was finely ground in a laboratory grinder and then homogenized. A sub-sample of ground rice (15 g) was extracted by mixing with 40 mL acetonitrile:methanol (14:1, v/v), shaken for 2 h on an oscillatory shaker (150 rpm), and then filtered through Whatman No. 1 filter paper. A syringe (3 mL capacity) plugged with glass wool and dry-packed with alumina:carbon (20:1, w/w; 0.5 g) was used as a mini-cleanup column. A 2-mL aliquot of extract was applied to the column, allowed to drain under gravity, and the column was washed with 500 µL acetonitrile:methanol:water (80:5:15, v/v/v), and the eluate were evaporated to dryness. The cleaned-up residue was dissolved in 500 µL toluene:acetonitrile (5:95, v/v). The standard mycotoxins and the extracts were applied to TLC plates (Merck 5553, Merck KGaA, Darmstadt, Germany), and the extracts were resolved in a solvent system containing chloroform:acetone:2-propanol (8:1:1, v/v/v) until they reach 1 cm from the top of the plate. Plates were developed by spraying with 20% aluminum chloride in ethanol and heating to 120°C for 7 min. The presence of DON, NIV, 3-ADON, and 15-ADON production was determined by visual comparison with known amounts of standards illuminated with UV light at 366 nm (Trilogy Analytical Laboratory Inc., Washington, MO, USA).
RESULTS
Identification of F. graminearum isolates
In total, 103 F. graminearum isolates were obtained; 23 from Rio Negro, 19 from Flores, 25 from Colonia, and 36 from Soriano. All isolates produced a fragment of 400 bp in the PCR amplification with Fg16F/R primers, confirming that all belonged to F. graminearum.
Population genetic analyses
A total of 172 AFLP bands were identified in the 200-600 bp range from the 103 analyzed isolates when using the three primer pair combinations. Of these 172 AFLP loci, 154 were polymorphic (89.5% overall). The percentage of polymorphic loci in each population is shown in Table 1 . The primer combinations EcoRI + CC and MseI + CG resulted in 45 amplified bands, the combination of EcoRI + TG and MseI + TT resulted in 79 amplified bands, and EcoRI + AA and MseI + AT resulted in 27 amplified bands. All isolates had AFLP profiles typical of F. graminearum s.s. (lineage 7). No strains with the same AFLP haplotype (clones) were found in different populations. Normalized Ĝ was high (100% of the count) in all four populations (Table 1) . For the full set of 172 loci, the average h was 0.180 among all isolates, 0.175 for the isolates from Flores, 0.159 for the isolates from Soriano, 0.172 for the isolates from Rio Negro, and 0.167 for the isolates from Colonia (Table 1 ). The estimates G ST and N m , determined from the AFLP data, demonstrated low genetic differentiation and high gene flow among the populations ( Table 2 ). The mean G ST (fixation index or differentiation among populations due to population subdivision) across all 172 loci was 0.072 with P = 0.652, indicating that the allele frequencies are similar in all four populations ( Table  2 ). The lowest G ST value was between Soriano and Colonia (0.036, P = 0.371) and the highest was between Flores and Rio Negro (0.057, P = 0.801) ( Table 2 ). The gene flow ranged from 8.24 between Flores and Rio Negro to 13.3 between Soriano and Colonia ( Table 2 ). Pairwise comparisons of Nei's unbiased genetic identity and genetic distance among the four populations were uniformly high (ranging from 0.987 to 0.990) and uniformly low (ranging from 0.007 to 0.013) ( Table 2 ). The AMOVA indicated that 99% of the variation recorded occurred within populations whereas only 1% of the variation occurred between populations.
For the calculation of the two-locus linkage disequilibrium in F. graminearum populations, there were a total of 14,706 possible pair-wise comparisons for the 172 AFLP loci. We rejected the null hypothesis of two-locus linkage equilibrium (P < 0.01) in favor of the alternative hypothesis of two-locus LD for 768 pairs of loci (5.2%) from the Flores population, 360 pairs of loci (2.4%) from the Soriano population, 616 pairs of loci (4.2%) from the Rio Negro population, 480 pairs of loci (3.3%) from the Colonia population, and 2040 pairs of loci (13.9%) from the combined population. At the P < 0.05 significance level, we rejected the null hypothesis of two-locus linkage equilibrium for 1996 pairs of loci (13.6%) from the Flores population, 1684 pairs of loci (11.4%) from the Soriano population, 800 pairs of loci (5.4%) from the Rio Negro population, and 1448 pairs of loci (9.8%) from the Colonia population. Very low multilocus LD (LD = 0.02 to 0.04) was observed in all populations, which were all significantly different from the expectation of random mating (P < 0.01 in all cases) ( Table 1) . Milgroom (1996) for comparisons of AFLP allelic data at 172 loci. b Calculated by dividing ( G) by the number of AFLP haplotypes observed in each population. 
DISCUSSION
This study is the first report on the genetic structure of F. graminearum s.s. populations isolated from Uruguay. Previous studies were done on species identity, but the genetic diversity of the strains was not examined. All isolates identified in this analysis could be grouped with standards of F. graminearum s.s., which is consistent with previous evidence that this species is the most widespread of the FGSC in South America, North America, and Europe (Tóth et al., 2005; Ramírez et al., 2007; Ward et al., 2008; Alvarez et al., 2011; Astolfi et al., 2012) .
The normalized genotypic diversity Ĝ was high (100%) in all four populations analyzed. The high genotypic diversity with no clones strongly suggests that sexual reproduction occurs regularly and has a significant role in the population structure of F. graminearum in Uruguay. These results are consistent with populations of F. graminearum from other parts of the world. Additionally, Miedaner et al. (2008) found that populations of F. graminearum from three continents showed haplotype diversity ranges from 60 to 100%, even within populations from individual fields. Moreover, over 90% of the variation was found within populations, even when samples were collected from areas as small as 0.25 m 2 . Low values of G ST (combined value of 0.072) and high values of Nm (combined value of 6.46) also support the hypothesis that there is significant genetic exchange and minimal geographic subdivision among the four populations. Low levels of G ST have previously been reported for populations of F. graminearum and other plant-pathogenic fungi (Linde et al., 2002; Ramírez et al., 2007) .
The low levels of LD found in these populations imply that outcrossing is common, and that the populations have not experienced a recent bottleneck or invasion. Frequent recombination and high gene flow found here suggest that new traits such as fungicide resistance, aggressiveness, or new toxin profiles could be assimilated rapidly. Voss et al. (2010) showed that progeny of highly aggressive parents might exhibit increased aggressiveness due to recombination, and may therefore adapt nonspecifically to increased quantitative host resistance. Moreover, the number of transgressive segregants largely increases among progeny of low or moderately aggressive parents. Along these lines, Umpiérrez-Failache et al. (2013) showed that all isolates of the FGSC from wheat in Uruguay were capable of inducing FHB at 21 dpi; however, variation in aggressiveness was observed (5.6 to 27.5%). In accordance with the high diversity found within the populations of F. graminearum s.s., it can be assumed that recombination alone may suffice to increase aggressiveness in field populations.
The dominant trichothecene genotype in the populations analyzed herein was 15-ADON, which is consistent with results from earlier studies of strains from Uruguay (Pan et al., 2013; Umpiérrez-Failache et al., 2013) and with previous analyses of F. graminearum s.s. isolates from wheat in Brazil (Astolfi et al., 2012) . In Argentina, although 15-ADON seems to dominate among F. graminearum s.s. isolates, a DON/NIV genotype/chemotype has also been found in wheat and barley. The DON/NIV genotype seems to occur at very low frequencies in populations of F. graminearum and its chemical phenotype was either DON or NIV (Reynoso et al., 2011; Castañares et al., 2014) . Nevertheless, the DON/NIV genotype was not detected in the current study. Also, the special interest in the rare NIV genotype is because NIV is more toxic than DON in most animal systems (van der Lee et al., 2015) . The validation of trichothecene genotypes via chemical analyses can help to provide more reliable data on the trichothecene profile of fungal populations. In Uruguay, there is no information on F. graminearum s.s. chemical production profiles of isolates from wheat or other small cereal crops. Therefore, the present study represents the first time that populations of Uruguayan F. graminearum s.s. have been examined by chemical analysis. The chemical analysis showed that 40% of strains that were found to have the 15-ADON genotype produced only DON, revealing a distinction among the group of isolates genetically identified as 15-ADON. This discrepancy between genotype and chemotype has often been reported (de Kuppler et al., 2011; Somma et al., 2014) , which is the main reason why the evaluation of possible risks related to F. graminearum wheat contamination cannot be based solely on trichothecene genotyping. Therefore, a thorough validation of the trichothecene genotypes by chemical analyses remains important for reporting the frequency of the different chemotypes within a target population. Previous surveys of F. graminearum populations have indicated shifts in trichothecene genotype/ chemotype frequencies, possibly due to changes in climate, agricultural practices, regional host composition, and the movement of pathogen populations into new areas. Additionally, phenotypic differences such as increased conidia production, higher growth rates, or increased production of DON could provide fitness advantages in a population resulting in range expansion and significant changes in population frequencies (Ward et al., 2008; Zhang et al., 2012; Aamot et al., 2015) . However, this study showed that populations of F. graminearum s.s. from Uruguay are characterized by a high level of homogeneity in the trichothecene profile (DON/15-ADON) and that no potential shifts exist in the populations in contrast to previous studies from Uruguay. This is especially interesting due to the frequent recombination and high gene flow present in the populations of F. graminearum analyzed herein, where novel or advantageous pathogenic traits could be assimilated and dispersed rapidly throughout the region. In addition to this, significant NIV genotype populations of F. asiaticum were recently detected in wheat in major rice-producing areas of Uruguay (Umpiérrez-Failache et al., 2013) . Additional analyses of temporally separate populations are needed to evaluate the impact that this new species may have on F. graminearum populations. Ward et al. (2002) suggested that increased vigilance of plant control and plant quarantine programs is needed to reduce the risk that FGSC strains with novel toxigenic potential could spread globally. However, knowledge regarding the trichothecene genotypes in each country is still too limited to pursue global control efforts, and hence worldwide maps of the trichothecene genotypes contaminating cereals need to be designed to better evaluate strategies for facing the eventual import/ export of new species/strains with new toxigenic potential. Nevertheless, such genotype profiles must be validated with chemical analyses in order to understand the effective toxin production capability of each FGSC strain (Somma et al., 2014) . In this sense, the present study adds to the current world knowledge about this pathogen and expands our understanding about the agroecology of F. graminearum as well as the correlation between trichothecene genotypes and chemotypes.
In conclusion, this research provides the first detailed description of the genetic structure of populations of F. graminearum s.s. present in the major wheat-growing region of Uruguay. Our data support the hypothesis that the populations are genotypically diverse, and that a regular, homogenizing gene flow occurs across the wheat-growing region of Uruguay. Additionally, we determined for the first time the potential (genotype) and production profiles of trichothecene among F. graminearum s.s. isolates obtained from wheat grains in Uruguay. These finding have important practical implications for the development of effective management strategies to cope with FHB epidemics and for monitoring any future changes in this fungal pathogen related to trichothecene production as it affects a highly economically relevant crop. Therefore, we think that plant-breeding efforts may benefit from the inclusion sionof representatives of most of the F. graminearum s.s. species rather than a single genotype when testing new plant varieties for FHB resistance. Further characterization of the isolates identified herein and comparisons with isolates from different years and crops are required to better understand populations of this pathogen and predict future changes.
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